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Two yeast genes, FRE1 and FRE2 (encoding Fe(III) reductases)
were placed under the control of the cauliflower mosaic virus 35S
promoter and introduced into tobacco (Nicotiana tabacum L.) via
Agrobacterium tumefaciens-mediated transformation. Homozygous
lines containing FRE1, FRE2, or FRE1 plus FRE2 were generated.
Northern-blot analyses revealed mRNA of two different sizes in
FRE1 lines, whereas all FRE2 lines had mRNA only of the expected
length. Fe(III) reduction, chlorophyll contents, and Fe levels were
determined in transgenic and control plants under Fe-sufficient and
Fe-deficient conditions. In a normal growth environment, the high-
est root Fe(III) reduction, 4-fold higher than in controls, occurred in
the double transformant (FRE1 1 FRE2). Elevated Fe(III) reduction
was also observed in all FRE2 and some FRE1 lines. The increased
Fe(III) reduction occurred along the entire length of the roots and
on shoot sections. FRE2 and double transformants were more tol-
erant to Fe deficiency in hydroponic culture, as shown by higher
chlorophyll and Fe concentrations in younger leaves, whereas FRE1
transformants did not differ from the controls. Overall, the benefi-
cial effects of FRE2 were consistent, suggesting that FRE2 may be
used to improve Fe efficiency in crop plants.

Fe uptake and storage are highly regulated processes.
Because soils contain mainly insoluble Fe(III) oxides and
hydroxides, plants have developed adaptive mechanisms
to make Fe more available for uptake (for review, see
Römheld, 1987; Guerinot and Yi, 1994). Two key mecha-
nisms used by dicots and nongramineous monocots (Strat-
egy I plants) are proton extrusion by activation of an
ATPase-driven proton pump, thereby promoting solubility
of Fe(III), and Fe(III) reduction by plasma membrane-
bound Fe(III) reductases. Under Fe deficiency, elevated
activity of Fe(III) reductases can be detected in specialized
zones near the root tips.

The importance of Fe(III) reductases in Fe acquisition
suggests that manipulation or addition of genes encoding
such enzymes in plants may present an avenue for enhanc-
ing Fe uptake. Several Fe(III) reductases have been identi-
fied in plants using techniques that allow separation of
PMs from other membrane fractions (for review, see Moog

and Brüggemann, 1994). Recently, plant genes encoding
putative Fe(III) reductases have been identified (Robinson
et al., 1997a).

As in plants using Strategy I, reduction of Fe(III) is also
essential for the utilization of Fe in yeast (Lesuisse et al.,
1987). An Fe(III) reductase has been isolated from yeast PM
fractions (Lesuisse et al., 1990) and the activity of the
enzyme was increased upon Fe depletion. Two Fe(III) re-
ductase genes, FRE1 and FRE2, have been isolated from the
yeast Saccharomyces cerevisiae (Dancis et al., 1990, 1992;
Georgatsou and Alexandraki, 1994) and a related gene,
Frp1, has been isolated from Saccharomyces pombe (Roman et
al., 1993). Dancis et al. (1992) identified FRE1 via comple-
mentation of a mutant yeast lacking externally directed PM
reductase activity. The second Fe(III) reductase gene of S.
cerevisiae, FRE2, was identified during sequencing of yeast
chromosome XI (Georgatsou and Alexandraki, 1994). The
combination of FRE1 and FRE2 was shown to account for
nearly all membrane-associated Fe(III) reductase activity in
this yeast (Georgatsou and Alexandraki, 1994). Even
though FRE1 and FRE2 encode enzymes with similar func-
tions, they do not show significant similarity at the nucle-
otide level and their deduced amino acid sequences have
only 24.5% identity.

Because yeast genes can be successfully expressed in
plants (Colau et al., 1987; Von Schaewen et al., 1990),
incorporation of the FRE genes into the plant genome may
lead to the formation of functional proteins and, conse-
quently, enhanced Fe(III) reduction. Here we report on the
genetic transformation of tobacco (Nicotiana tabacum L.)
with FRE1 and FRE2 and the characterization of trans-
formed plants with regard to Fe(III) reduction, chlorophyll
content (SPAD reading), and Fe accumulation under Fe-
sufficient and Fe-deficient conditions.

MATERIALS AND METHODS

Cloning of FRE1 and FRE2 into Plasmids

FRE1 was obtained from high-Mr Saccharomyces cerevisiae
genomic DNA (provided by S. Johnston, The University of
Texas Southwestern Medical School, Dallas) by PCR (92°C,
2 min; 52°C, 2 min; 72°C, 3 min; 40 cycles) using a 59 primer
with added BamHI and NcoI sites (CCGGGGATCCATG-
GTTAGAACCCGTGTATTATTCTGC) and a 39 primer
with an added EcoRI site (TTATGAATTCGGGGCCTTAC-
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CATGTAAAACTTTCTTC). The PCR product (2.1 kb) was
cloned into the SmaI site of pUC18. Plasmid was digested
with NcoI and HindIII to release the insert, which was then
cloned into PTC:MT-1 (Carrington et al., 1987) to gain a 59
Kozak sequence (Kozak, 1986). PTC:MT-1 plasmid with the
FRE1 insert was digested with BamHI to release the FRE1-
Kozak cassette, which was then cloned into pPEV contain-
ing the enhanced cauliflower mosaic virus 35S promoter
and the NptII gene conferring kanamycin resistance
(Lindbo and Dougherty, 1992).

FRE2 was obtained from the yeast genomic DNA by the
same PCR procedures used to obtain FRE1. The 59 primer
CCAACGGGATCCATGCATTGGACGTCCATCTTGAG-
CGC and 39 primer AAGTGGATCCTGATCACCAGCAT-
TGATACTCTTCAAAG both contained BamHI sites. The
PCR product was cut with BamHI and cloned into BamHI-
cut pUC18. The 2.1-kb fragment was then cloned into de-
phosphorylated BamHI-cut pPEV. This plasmid was di-
gested with XbaI and EcoRI and the insert, with the
cauliflower mosaic virus 35S promoter, was cloned into the
plant expression vector pGPTV-BAR, conferring bialaphos
resistance (Becker et al., 1992).

Transformation of Tobacco

Agrobacterium tumefaciens EHA105 (Hood et al., 1993)
was transformed with pPEV containing FRE1 and pGPTV-
BAR containing FRE2 by the procedures of Hofgen and
Willmitzer (1988). These EHA105/FRE1 and EHA105/
FRE2 combinations were used for transformation of leaf
discs of tobacco (Nicotiana tabacum L. cv Wisc. 38) by the
methods described by Horsch et al. (1988). Shoots were
selected on Murashige and Skoog medium (Murashige and
Skoog, 1962) with 1 mg L21 N6-BA, 0.1 mg L21

a-naphthalene acetic acid, 400 mg L21 Timentin
(SmithKline-Beecham), and either 400 mg L21 kanamycin
for transformation with FRE1 or 5 mg L21 bialaphos for
transformation with FRE2. Resistant shoots were trans-
ferred to Murashige and Skoog medium with 400 mg L21

Timentin plus 400 mg L21 kanamycin (or 10 mg L21 biala-
phos) for rooting. Twenty-one independent putative FRE1
transformants were selected for production of T1 seed. As
expected, T1 populations segregated for kanamycin resis-
tance. Some fit a 3:1 (kanr:kans) segregation ratio; others
had higher proportions of kanr plants likely due to two or

more independent insertions. Plants from three indepen-
dent families showing 3:1 segregation ratios (kanr:kans)
(Table I) were selfed to generate T2 lines uniformly resis-
tant to kanamycin. These were designated FRE1-A, FRE1-B,
and FRE1-C. Eighteen independent FRE2 transformants
were selected. Plants from three T1 families with 3:1 seg-
regation ratios (bialaphosr:bialaphoss) (Table I) were selfed
to give rise to T2 lines homozygous for bialaphos resis-
tance, designated FRE2-A, FRE2-B, and FRE2-C. FRE1-C
was used for retransformation with FRE2, and 16 T1 lines
were generated. One of the T1 lines with a single FRE2
locus (Table I), FRE112-A, was selfed to obtain a trans-
formed line with homozygous FRE1 and FRE2 loci. In
addition, homozygous kanamycin-resistant (NI-1) and
bialaphos-resistant (NI-2) control lines without FRE inserts
were generated.

PCR, Southern-Blot Analyses, and Northern-Blot Analyses
of Transformed Plants

Genomic DNA was isolated from individual T2 seedlings
using a modified hexadecyltrimethylammonium bromide
procedure (Doyle and Doyle, 1990). Primers were designed
to amplify a 1-kb region of DNA within the FRE1 gene
(CAACTCGAGGCAAGGGTCTC and CAAACCAGCG-
GCTACACCTAC). PCR amplification was performed us-
ing 100 ng of DNA, 0.4 mm primers, 0.6 mm deoxyribonu-
cleotide triphosphate, 2.5 mm MgCl2, and 2 to 3 units of Taq
DNA polymerase in buffer supplied by the manufacturer
(Promega). PCR conditions included one cycle of 5 min at
95°C, 1 min at 67°C, and 1.5 min at 72°C; and 30 cycles of
1 min at 94°C, 1.5 min at 67°C, and 1 min at 72°C. PCR
products were analyzed on a 1.2% agarose gel.

For Southern-blot analyses, genomic DNA was extracted
from 2 g of tobacco leaf tissue using the hexadecyltrimeth-
ylammonium bromide protocol (Doyle and Doyle, 1990).
DNA (20 mg) was digested with a restriction enzyme,
EcoRV for FRE1-containing lines and XbaI for FRE2-
containing lines, separated on a 1.1% gel, and transferred
by capillary transfer to a Zeta-Probe GT membrane follow-
ing the manufacturer’s instructions (Bio-Rad). (It should be
noted that there is no EcoRV site in FRE1 and no XbaI site
in FRE2.) The [a-32P]dCTP-labeled probe, covering the en-
tire FRE1 or FRE2 gene, was synthesized using Ready-
To-Go DNA-labeling beads (Pharmacia) following the

Table I. Segregation (resistance:sensitivity) of FRE-transformed T1 populations and x2 and P values
based on 3:1 segregation ratios

Line
Selective

Agent
No. of Resistant

Seedlings
No. of Sensitive

Seedlings
x2 (3:1) P

FRE1-A kana 116 33 0.647 0.42
FRE1-B kan 105 36 0.021 0.88
FRE1-C kan 84 25 0.248 0.62
FRE2-A bial 87 30 0.026 0.87
FRE2-B bial 129 44 0.017 0.90
FRE2-C bial 90 27 0.231 0.63
FRE112-Ab bial 119 46 0.729 0.39
a kan 5 200 mg/L kanamycin; bial 5 10 mg/L bialaphos. b FRE112-A was derived from a

homozygous T2 of FRE1-C by transformation with FRE2.
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manufacturer’s protocol and purified on a Biospin 6 chro-
matography column (Bio-Rad). Membranes were incu-
bated in 0.25 m Na2HPO4, pH 7.2, 7% SDS, and 1 mm EDTA
at 65° for 30 min. Using fresh solution, membranes were
hybridized with the labeled probe for 24 h. Membranes
were washed for 45 min at 65°C in 0.04 m Na2HPO4, pH 7.2,
5% SDS, and 1 mm EDTA and then twice in 1% SDS, 40 mm
NaHPO4, and 1 mm EDTA. Finally, they were exposed to
x-ray film (Hyperfilm-MP, Amersham) at 280°C.

For northern-blot analyses, total RNA was isolated from
1 g of leaf tissue according to the TRIzol reagent protocol
(GIBCO-BRL). RNA (30 mg) was separated on a formalde-
hyde gel (Davis et al., 1986). The suggested protocol (Bio-
Rad) was used for capillary transfer to a Zeta-Probe mem-
brane, and hybridization was performed as for the
Southern blot.

Hydroponic Culture

Seeds were surface sterilized with 70% ethanol (1 min)
and 20% commercial bleach (15 min), and germinated on
one-half-strength Murashige and Skoog mineral medium
with 1.6 g L21 Gelrite (Scott Laboratories, Carson, CA) in
Magenta (Chicago, IL) boxes. After 3 weeks, seedlings were
transferred to a hydroponic culture system, with one seed-
ling per Magenta box filled with Hoagland nutrient solu-
tion containing 10 mm Fe-EDTA. During the first week in
hydroponics, the seedlings were covered with glass jars to
prevent desiccation. After 2 weeks in hydroponics, the
Hoagland solution was replaced either with fresh Hoag-
land solution or with the nutrient solution devised by
Chaney et al. (1992) containing 10 mm NaHCO3 and 2 mm
Fe(III)-DTPA (Fe-deficient condition). Air enriched with
3% CO2 was used for aeration of the nutrient solution and
stabilization of the pH (Chaney et al., 1992). The solution
was replaced after 7 d; on the other days the level was
adjusted with double-distilled water. Nutrient solution
containing K2HPO4, NH4NO3, and H3BO3 was added daily
to maintain proper nutrient levels as described by Chaney
et al. (1992). Relative leaf chlorophyll concentrations were
determined for the upper leaves on d 6 and 10 with a
chlorophyll meter (model SPAD-502, Minolta, Ramsey,
NJ). SPAD readings (on a scale of 0–50) determined by
light reflection from two different light sources are linearly
related to extractable chlorophyll (Marquard and Tipton,
1987). The upper, expanded leaf was designated leaf 1
at the beginning of the experiment, and the leaves formed
next were designated leaves 2, 3, and 4, respectively.
Fe(III) reduction and Fe content of leaves were determined
after 10 d.

Fe(III) Reduction Assay

Fe(III) reduction was quantitatively determined using a
liquid assay and qualitatively visualized on agarose plates
(semisolid medium). The assay solution consisted of 0.3
mm BPDS, 0.1 mm Fe(III)-EDTA, 5 mm Mes buffer, and
one-half-strength Murashige and Skoog mineral medium
(Murashige and Skoog, 1962) in the dark. Because Co21,
Mn21, Zn21, and Cu21 interfere with Fe(III) reduction

(Römheld and Marschner, 1983), they were omitted from
the assay medium. Experiments were performed on 8- to
10-week-old plants grown in flats with potting soil (Fe-
sufficient conditions) in the greenhouse (22°C day, 18°C
night) and on plants grown hydroponically. Roots were
rinsed in double-distilled water and placed in assay solu-
tion. Shoot pieces (100 mg) from the greenhouse-grown
plants were cut into eight slices and placed into assay
medium. After 0.5 or 1 h, Fe reduction was determined
spectrophotometrically from the A535 minus the blank (con-
taining no tissue). Fe(II)-BPDS was quantified using a mo-
lar extinction coefficient of 22.14 mm21 cm21. Roots were
blotted dry and weighed. Data were obtained from two
replicate experiments each with four samples (greenhouse
plants) or three samples (hydroponics).

For embedding in semisolid medium, roots or stem sec-
tions were placed on Whatman no. 1 filter paper in 90- 3
90- 3 15-mm Petri dishes. Assay medium (see above) con-
taining 0.25% agarose (type I, Sigma) was cooled to 35°C
and pipetted into the Petri plates (50 mL/plate).

To determine reduction by exudates, roots were incu-
bated in assay solution without BPDS and Fe(III)-EDTA for
0.5 h, after which they were removed and the two com-
pounds were added to the solution. Fe(III) reduction was
determined as described above.

Fe Concentration of Leaves

Plants from two hydroponic experiments were pooled.
The upper four leaves of all plants of a line were included.
The samples were dried and mineral contents were deter-
mined with an Optima 3000 dual view inductively coupled
plasma optical emission spectroscopy (Perkin-Elmer) at the
Crop and Soil Science Analytical Laboratory at Oregon
State University.

RESULTS

Genetic Characterization

The presence of transgenes was confirmed by Southern
blots of DNA digested with EcoRV and XbaI probed with
FRE1 (Fig. 1A) and FRE2 (Fig. 1B), respectively. Five clear
bands were visible in FRE1-A, one in FRE1-B, and three in
FRE1-C when FRE1 was used as the probe (Fig. 1A). As
expected, FRE112-A, a derivative of FRE1-C, also had
three clear bands. When FRE2 was used as a probe, a single
complementary fragment was detected in FRE2-A, FRE2-C
(Fig. 1B), and FRE2-B (not shown). FRE112-A had two
FRE2-positive bands. All 10 plants of each line analyzed
had the same banding patterns, supporting the evidence
from data on resistance to drugs that these progeny are
homozygous. The control lines did not show any hybrid-
izing bands with FRE1 or FRE2 as a probe (not shown).

Northern blots of mRNA from transformed plants
probed with FRE1 or FRE2 indicated that the correspond-
ing messages were made in transformants (Fig. 2). In ad-
dition to the full-length mRNA, a lower band was clearly
visible in the FRE1-containing lines. The relative abun-
dance of this shorter message differed between lines and
was highest in FRE1-A. No bands could be detected in
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wild-type and NI control lines after hybridization under
stringent conditions.

Fe(III) Reduction in Fe-Sufficient Conditions

The presence of FRE1 and FRE2 resulted in increased
Fe(III) reduction as determined both by visual inspection
and quantitative measurement. When roots of greenhouse-
grown plantlets were embedded in semisolid assay me-
dium containing 25 mm Fe(III), the transformants started
showing red color within 1 h and were bright red after 6 h
(Fig. 3, A and B), at which time the controls were only
slightly tinged. FRE112-A roots consistently had the most-
intense red color development on and around the roots
(Fig. 3B).

In liquid Fe(III) reduction assays performed with roots
excised from plants grown in greenhouse potting soil, FRE-
containing lines had generally increased reduction, with up
to 4-fold higher activity than control lines in a 1-h assay
with 100 mm Fe(III)-EDTA (Fig. 4A). The FRE112 line had
the highest Fe-reduction activity. The two FRE-
transformed lines that did not show enhanced Fe(III) re-
duction compared with the controls were FRE1-A and
FRE1-B. FRE1-A also showed the highest level of truncated
mRNA in the northern blots (Fig. 2A, lane 2). Fe(III) reduc-
tion of exudates did not differ between lines; it contributed
about 25% to the total Fe(III) reduction of the wild type and
relatively less to the transformants. Therefore, differences
between transformed and control lines reflect Fe(III) reduc-
tion by the roots. Essentially the same results were ob-
tained with roots of plants grown in Hoagland solution
hydroponically. FRE1 lines varied in their Fe(III) reduction
levels, whereas FRE2 lines had consistently higher Fe(III)
reduction levels than the controls (data not shown).

Assays with stem segments also confirmed the higher
Fe(III) reduction in transformants than in the controls.
Intense color formation was seen at the cut ends (Fig. 3C).

Fe(III) reduction in liquid assays (Fig. 4B) was also signif-
icantly higher in transformants than in controls. Generally,
shoot Fe(III) reduction correlated with that obtained for
roots, indicating consistent expression of FRE1 and FRE2 in
roots and shoots. Again, the double transformant had the
highest reduction and the FRE1-A line was not signifi-
cantly different from the control.

The correlation between the presence of FRE and in-
creased Fe reduction was further confirmed by examining
10 seedlings from a T2 family segregating for FRE1. The
one shoot segment (no. 9) that produced weak color inten-
sity typical of nontransformed shoots in the plate assay
was also the only one negative in the PCR test (Fig. 3D).

Chlorophyll Formation and Fe(III) Reduction at
Fe-Deficient Conditions

Plants were grown in hydroponic culture (Fig. 5A) to
manipulate the Fe availability. Tiny seedlings obtained
from seeds germinated under aseptic conditions were first
acclimated in Hoagland nutrient solution for 2 weeks and
then transferred to Fe-deficient culture solution. Fe defi-
ciency was created by the presence of 10 mm NaHCO3,
which increased the pH to 7.8. Leaf chlorosis appeared on
control plants after 4 to 5 d. Younger leaves became pro-
gressively more yellow and by d 6, significant differences

Figure 2. Northern blot of FRE-transformed lines of tobacco. A,
Probed with FRE1. Lane 1, NI-1; lane 2, FRE1-A; lane 3, FRE1-B; lane
4, FRE1-C; lane 5, FRE112-A; and lane 6, wild type. B, Probed with
FRE2. Lane 1, NI-2; lane 2, FRE2-A; lane 3, FRE2-B; lane 4, FRE2-C;
lane 5, FRE112-A; and lane 6, wild type. RNA marker sizes (kilo-
bases) are indicated at the right of each gel.

Figure 1. Southern blot of FRE-transformed lines of tobacco. A,
Probed with FRE1. Lane 1, FRE1-A; lane 2, FRE1-B; lane 3, FRE1-C;
and lane 4, FRE112-A. B, Probed with FRE2. Lane 1, FRE2-C; lane 2,
FRE2-A; and lane 3, FRE112-A. DNA marker sizes (kilobases) are
indicated at the right of each gel.
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in chlorophyll concentrations (SPAD readings) of the up-
per two leaves were detected between FRE2 and control
plants (data not shown). By d 10, the upper leaves of the
controls were highly chlorotic, whereas only slight yellow-
ing occurred among the FRE2 transformants (Fig. 5B) and
the double transformants (not shown). The visual differ-
ence was reflected by the SPAD readings (Fig. 6). In con-
trast, the phenotype and chlorophyll concentrations of
FRE1 transformants were not significantly different from
those of controls. Older leaves, such as leaf 1, which were
about fully expanded before Fe stress was applied, were
unaffected and remained green on all plants.

Fe(III) reduction was measured after 10 d (Fig. 7). It is
interesting that Fe(III) reduction was higher in the controls
than in the FRE2 transformants. Compared with plants
grown in Fe-sufficient conditions, the controls showed a
10- to 15-fold increase in reduction, whereas the increase in
the FRE112 transformant was only 2-fold. Root Fe reduc-
tion was inversely related to leaf chlorosis and seemed to
reflect the severity of Fe stress sensed by the plant.

Leaf Fe Concentrations

The Fe concentrations in the upper three leaves of plants
grown under Fe-sufficient and Fe-deficient conditions were

Figure 3. Fe(III) reductase assays of tobacco roots and shoot segments of 8-week-old plants grown in the greenhouse. A,
Roots of control NI-1 (left) and transformant FRE1-C (right) after 6 h in semisolid medium with 25 mM Fe(III)-EDTA and 0.3
mM BPDS. B, Roots of FRE2-B (left) and FRE112-A (right) after 6 h in semisolid medium with 25 mM Fe(III)-EDTA and 0.3
mM BPDS. C, Shoot segments of control NI-1 (top) and transformant FRE112-A (bottom) after 4 h in semisolid medium with
0.1 mM Fe(III)-EDTA and 0.3 mM BPDS. D, Shoot segments of 10 seedlings of a family segregating for FRE1 in semisolid
medium after 4 h in semisolid medium with 0.1 mM Fe(III)-EDTA and 0.3 mM BPDS; PCR analyses of the same seedlings and
water control (0) with FRE1 primers are shown at bottom.
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measured (Table II). The same sets of Fe-stressed plants
were used as were used for SPAD readings and Fe-
reduction determinations. For a comparison, plants of the
same lines were grown in Hoagland solution for the same
duration. Clearly, the Fe concentrations were significantly
lower under Fe deficiency. However, under both condi-
tions, FRE2 plants (including the double transformant) had
about 50% higher Fe than the controls. FRE1 lines had Fe
concentrations closer to those of the controls than FRE2
lines when grown under Fe deficiency and were more
variable when Fe supply was sufficient.

Overall, FRE2 lines were consistent in all parameters
measured. These included higher Fe concentrations under
both Fe-deficient and Fe-sufficient conditions, higher leaf
chlorophyll and lower Fe(III) reduction under Fe stress, but
higher Fe(III) reduction under Fe sufficiency.

DISCUSSION

Comparisons between transgenic and control tobacco
plants in Fe-sufficient conditions indicated that the yeast
FRE genes are functional in plants. The increase in Fe(III)
reduction at Fe sufficiency (up to 4-fold) was constitutive,
occurring in both transformed roots and shoots. Fe(III)
reduction varied between FRE1-containing lines, whereas
FRE2 plants uniformly showed higher activity. Although
variability in transgene expression is a common phenom-
enon and the presence of multiple gene copies can lead to
gene silencing (Meyer, 1995), the variability may be caused
by other factors. One of the possibilities may be instability
or premature truncation of FRE1 mRNA, as illustrated by
the occurrence of a second, shorter-than-expected message.
The relatively large amount of this shorter mRNA in
FRE1-A, the line without any increased Fe(III) reductase
activity, seems to lend support to this hypothesis. The
highest reduction activity was found in the line containing
both FRE1 and FRE2. This may be due to additive effects of
the FRE1 and FRE2 genes, as in yeast, in which the two
genes together account for the total Fe(III) reduction activ-
ity (Georgatsou and Alexandrakis, 1994).

Transgenic FRE2 plants were more tolerant of Fe-
deficient conditions. The chlorophyll content was higher in
new leaves of FRE2 and FRE11FRE2 transformants than in
comparable leaves of control plants. However, no in-
creased resistance to Fe-deficient conditions was found for
FRE1 lines, including FRE1-C, which showed significantly
increased Fe(III) reduction. The reason for this is uncertain,
but it is possible that FRE1 protein has only low affinity for
the Fe(III) substrate, resulting in enzyme activity at the
high substrate concentration (100 mm) of the Fe(III) reduc-
tase assay but not at low substrate availability (Fe-deficient
conditions in hydroponics). Also intriguing is the inverse
relationship between tolerance of Fe deficiency and root Fe
reduction under low Fe availability. It is possible that, since

Figure 5. Plants grown in hydroponics. A, Hydroponic system 5 d before the start of the experiment. B, Plants of NI-2 (left),
FRE2-A (middle), and FRE2-C (right) after 10 d in nutrient solution with 10 mM NaHCO3 and 2 mM Fe-DTPA.

Figure 4. Fe(III) reduction in 0.1 mM Fe(III)-EDTA and 0.3 mM BPDS
for 1 h of control (wild type [WT], NI-1, and NI-2) and FRE-
transformed plants. A, Fe(III) reduction by roots. B, Fe(III) reduction
by shoot sections. The LSD (P 5 0.05) is indicated by a bar.
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their Fe levels are higher, FRE2-containing plants sense less
stress than controls, and, therefore, the native inducible
Fe(III) reductase system is less active. This interpretation
would be compatible with the hypothesis that signals from
the shoots stimulate Fe reduction in roots (Grusak and
Pezeshgi, 1996). In addition, constitutive expression of
FRE2 in shoots and leaves may increase the level of avail-
able Fe for chlorophyll synthesis in these tissues. FRE2
plants may show Fe(III) reduction levels as high as or
higher than those of controls if left under stress conditions
for a longer period, but this could not be tested in our
present system because of the small size of the containers
relative to the size of the plants. Finally, the higher chlo-
rophyll level in FRE2-containing plants may be related to

other, as-yet-undetermined functions of the FRE genes. For
yeast, Lesuisse et al. (1996) have provided evidence that the
FRE proteins may not be Fe(III) reductases themselves but
rather a part of a multicomponent electron-transport chain.
However, the observation that expression of FRE1 from a
high-copy plasmid leads to increased Fe reductase activity
(Shatwell et al., 1996) indicates clearly that FRE1 is an
important and limiting component in Fe reduction, regard-
less of its exact function.

Posttranslational modifications and targeting may also
affect the activity of FRE proteins in plants. The FRE1
sequence contains several potential glycosylation sites
(Dancis et al., 1992), and glycosylation of the protein was
demonstrated by in vitro transcription/translation prod-
ucts formed in the presence and absence of canine micro-
somes (Samuelsen, 1996). Fully active FRE1 may require a
flavin or heme group, as suggested by data reported by
Shatwell et al. (1996). It is not known at present if such
modifications occur in transgenic plants. In theory, effec-
tive Fe reductase should be located in the PM of epidermal
cells. The fact that most transgenic lines exhibited higher Fe
reductase activity under nonstress conditions than controls
would suggest that some of the FRE protein is correctly
targeted. However, ectopic expression of high levels of
protein may lead to altered localization and function. To
answer some of these questions, monoclonal antibodies to
selected portions of the FRE proteins are being generated.

Yamaguchi et al. (1995) reported no detectable effect of a
similar FRE1 construct in tobacco. Although in our tests the
FRE1 gene also had no effect on tolerance to Fe-deficient
conditions, it did enhance Fe(III) reduction under Fe suffi-
ciency in some of the transformed lines. It is not clear how
many lines were examined by Yamaguchi et al. (1995), but
the lack of transgene effect may be attributable to random
variation among lines. Moreover, a slightly different gene
construct could have led to relatively high mRNA trunca-
tion, as in line FRE1-A, and significant reduction of func-
tional gene product.

Although the exact mechanism of the FRE proteins in
mediating tolerance of Fe deficiency remains to be deter-
mined, from a practical point of view, FRE2 and other
Fe-related genes are promising candidates for improving

Figure 6. SPAD leaf readings of control and transformed plants after
10 d in Fe-deficient nutrient solution with 10 mM NaHCO3 and 2 mM

Fe-DTPA. Leaf 1 was the lowest leaf included in the measurements
and the only fully expanded leaf at the beginning of the experiment;
leaf 4 was the uppermost leaf at the completion of the experiment.
The LSD (P 5 0.05) is indicated by a bar.

Figure 7. Root Fe(III) reduction in 0.1 mM Fe(III)-EDTA and 0.3 mM

BPDS of control (wild type [WT], NI-1, and NI-2) and FRE-
transformed plants after 10 d in Fe-deficient nutrient solution with 10
mM NaHCO3 and 2 mM Fe-DTPA. The LSD (P 5 0.05) is indicated
by a bar.

Table II. Fe concentrations in the upper three leaves of FRE-
transformed and control tobacco plants grown in Fe-sufficient
(Hoagland) solution or Fe-deficient (Chaney) solution for 10 d

Line
Fe Concentration

Hoagland solution Chaney solutiona

mg/g dry wt

NI-1 134 28
NI-2 123 24
FRE1-A 149 30
FRE1-B 190 33
FRE1-C 123 29
FRE2-A 190 45
FRE2-B 213 40
FRE2-C 193 44
FRE112-A 223 41
a Chaney et al. (1992).
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Fe utilization in plants. These may include the Arabidopsis
froh genes (Robinson et al., 1997a, 1997b) and genomic
clones with some homology to the FRE1 gene (Yi et al.,
1994). Because frohC transcript accumulated in roots and
leaves under Fe-deficient conditions, it was suggested that
the protein may be a membrane-bound Fe reductase in-
volved in Fe transport. It will be interesting to determine if
controlled expression of such genes in specific tissues will
alter Fe reduction and uptake.
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